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AN ANALYSIS OF THE PARAMETERS OF A GAS-DYNAMIC LASER

WITH THE ACETYLENE COMBUSTION

PART I. THE INFLUENCE OF PRESSURF ON THE LASEFR PARAMETERS

MICHAL SYCZEWSKI

Military Technical Academy, Warsaw

The effect of decomDression of gases (the ratio of pressure

on the vacuum side -p, to the maximum pressure in the

combustion chamber - on the impulse radiation energy

of a laser was investigated. Interpretation of the results

was carried out on the basis of the recorded curves of the

impulse power for characteristic values of the ratio P/PI%

as a function of time, and on the basis of theoretical

calculations of the parameters of gases in the resonance
cavity.

Reference /l/ describes the research betup-of a gas-dynamic

laser with utilization of heat and combustion products of acetylene.

In slibsequent stage, the laser was improved and systematic studies

on optimization of the conditions of its work were started,

Following the suggestion in /1/, in the present series

of experiments we used an improved composition of outlet gases -

which this time contained carbon dioxide in addition to acetylene

and air. This was achievea by lowering the temperature of the products

of combustion while maintaining the optimal number of the working

CO2 molecules.

The aim of this work was to investigate the influence

of the conditions of pas flow on the impulse energy of laser.



The condition- of flow were varied by changing the ratio of pressure

in the vacum tank to pressure in the combustion chamber.

Results of investigations of this type of lasers,

published so far /2/, deal usually with the dependence of energy

(or part of the coefficient of radiation enhancement) on the

so-called inhibiting parameters, i.e., parameters (temperature and

oressure) in the combustion chamber. Often they neglect the fact

that in a gas-dynamic laser with impulse action the conditions of

Pas flow are chanping during the impulse. Consequently, at every

moment of the duration of impulse there are different pressures

hoth in the combustion chamber and in the vacuum reservoir.

The shape of the nozzle used in practice ensures optimal

conditions of pas flow for only one value of the ratio of pressure

in vacuum tank to pressure in the combustion chamber. Only at this

particular value of the ratio, gases in the nozzle undergo decom-

Dression to the value of pressure governing in the vacuum tank,

and the ras stream at outlet of the nozzle (in diverging part)

is a unidirectional stream, without turbulance.

Throughout most of the time of the duration of impulse

here is either insufficient or excessive decompression of gases.

Hence tne flow is no lonper unidirectional.

In this work we are trying to discuss these problems

or the ais of resultr obtained on an experimental setup described

in detail in the work /l/.
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'Fynpimental conditions

The main part of the laser consists of a combustion chamber

witb a flat, pap-type nozzle connected to a vacuum chamber /1/.

In the sPoersonic nart, across the stream of flowing gases, there

is placed the resonance cavity of the laser (the length of active

nart 20 cm). The resonator in the present series of experiments

Consisted of a totally-reflecting aluminum mirror with the radius

of cirvature 104 cm, and a semitransparent mirror coated with gold

on qermanium base. The transmission of this mirror was ensured by

n dot not covered with gold, of diameter 5 mm. Taking into conside-

ration the reflection from the polished non-covered part of the

surface of Fermanium, the total transmission was about 3% (no

optimization of resonator was done).

The nozzle was diverging to the outlet in the profile way,

and not in the form of a wedge. The maximal at the beginning half-

anple of divergence was about 400.

In lasers of this type, i.e. of semicontinuous action,

the most important parameter is the energy of the whole radiation

impulse of the laser. The energy was measured by a calorimetric

energy meter. When studying the effect of a given parameter on the

radiation impulse energy of laser, utmost care was 'aken to preserve

the remaininp parameters (nozzle construction, resonator, etc.)

inchanped.

The main effort in this work was directed to study of

the influence of the degree of decompression of gases (

on the radiation imulse energy of the laser
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Rsuits of measurements and their interpretation

Figure 1 shows the relation E-f(p/p.), where: - pressure

in vacuum chamber (average),P-- - maximum pressure in combustion

chamber (approximately constant and equal to 2.12 x 106 
N/m 2 ).

The ratio of pressures was changed mainly through the change of

24 2
Drerurp on the vacuum side, from 533 N/m 2 to about 2.666 x 104 N/m2

The curve of the relation Ef(plp, ) exhibits a distinct maximum

Pt be value of ratio of about i0.

To facilitate the interpretation of results, Figure 2

phow tlhe optimal value of the ratio of cross-section surfaces of

the nO77le AjJA and values of the ratio of temperatures %
(T - temperature of gases after decompression, 7S - temperature

of 7ases in the combustion chamber) as a function of the ratio of

preseures / The curve 4A,A=f(p/p.) was determined from the

relation:

A~ t = (PIp )'1" I/ -(p ip.) ' -'/

( ;i )+ i1)/2(k- 1) k-I

2 (1)

and the ratio of temperatures from the adiabatic relation:

(2)
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Firure 1. Dependence of the impulse energy of laser 
on the ratio

of pressure in the vacuum chamber ? to the maximum pressure in

the cOmblstion chamber P$.M . Measurements were made of changes

in the laser impulse and pressure with time for points 
1-5

(Firure
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Figrire 2. Dependence of the optimal ratio of the cross-section areas

of the nozzleA and of the ratio of temperatures TA

on the ratio of pressures

-critical crovc-section of the nozzle,

A - cross-section at the outlet of the nozzle,

T - temperature at the outlet of the nozzle,

- temperature in the combustion chamber.



The averare value of the adiabatic coefficient (for the given-

below composition of the products of combustion) was assumed

to be k - 1.34.

The nozzle used in practice ensured the optimal conditions

of the ras flow for only one value p/p.-(p/p)..,j . In Figure 1 to the

rirht of this value, through the whole working cycle, there was an

excessive decompression of Fases in the nozzle. This could result in

separation of wall-adjacent layers and in formation of the standinq

wave of the pressure drop inside the nozzle.

To the left of (p/pj.,, there is an insufficient decompression

of Fases, beginnin from Po-po. 1 up to the moment when the varying

value of p. satisfies the condition p/p =(p/p).,,. . In this area of

pressures (Figure 1) there is always a moment of the work of laser

when the the optimal gas-dynamic conditions of flow of the stream

of !ases are fulfilled.

The course of the impulse radiation of laser and of pressure

in the combustion chamber with time was measured for characteristic

points on the curve - denoted by 1-5 in Figure 1. Figure 3 shows

orcillorrams of these measurements. Along the curves of pressure

the orcillorrams show a scale of time (I division = 0.05 sec).

Rememberinp that in the presented investigations (Figure 1)

the change of p/pm.. was effected mainly through the change of pressure

on the vacuum side (p,.. in the majority of cases amounted to

about 21 atm), we can read from the graph an approximate value of

the maximal pressure in the vacuum chamber at which the generation



Fi!-ire 1. rmhe Cl1rves of' nrer--,re nr' l''q ip - fcr ritri

n ~ rorreplrrir- to : r)Pcific ratior of 'nrr- re of ih nwvork of

lIre (rlko'r l ir irn Fi-i"re 1)



of laser radiation ceases. For the given conditions of the nozzle

and resonator this value is about 2.666 x 104 N/m2 (200 mm Hg).

It has to be Pointed out that an increase of pressure in the

comr'istion chamber has no real effect on shifting of this limit

torards hic-her nressures in the vacuum chamber.

T i ri een from Figure 7 that in all the cases there is

- o earlh- i nterrinfion of the Feneration cf radiation. The

ear-iest Jrterrmtp-on occuirs when the pressure in vacuum chamber

ip bher. For instance, in the case of the oscillogram 5 the

cenera t ion ceases wher the pressure in combustion chamber is

a'o,'. 17.2 y 10 N/m2 (17 atm).

The Phenomenon of decrease of the radiation energy of

laser with an increase of pressure in the resonance cavity is rather

obvious. Nerlecting the fact that the shape of nozzle is not

otimal in this pressu re range for the whole time of duiration of

the laser impulse, the main reason for decrease of the energy of

laser is an increase of the rate of deactivatinF transitions in

1C2 moleciles with the rise of oressure and temperature (see the

r rveA in Figure 2).

yovinr in the direction of lower rressures in the active

7one of the resonator we see that the energy of laser impulse

increases, despite the fact that the concentration of working CO2

rolecules decreases. We explain it. by the fact that the radiation-less

,ellyntior procefses decrease faster (because of simultaneous

ecrease of " and ) than the concentration of molecules //.

Ant d we ret a hirber degree of freezing of the population of upper
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laser level of CO2 molecules in the resonance cavity.

Next, we come to such values of the ratio of pressures

where an increase of energy is very rapid (point 3 in Figure 1),

desoite'fQrther drop of pressure in the resonance cavity. Interpre-

tation of the curve in Fiaure 1 below this value of the ratio of

Peesures is VY no means simple. Comparing the curve E=f(p/p,)

wi~b 4he curve T/T=f(p/p,)' one can notice that this increase of

ePerr, occuirs in the area where the ratio of temperatures begins

to chanre also more rapidly with decrease of the ratio PAS .

It follows from the fact that Ts in all experimentr is approximately

constant value (the same composition of rases, the same combustion

nressure) that the reason for such a rise in energy is a drop of the

translational temperature of iases in the area of cavity. There

tre
follows thenAfreezin. of the population of upper laser level of

CO2 molecules.

Moreover, this increase of the energ:y of [: er impulse

falls in the area of pressures where the applied nozzle has the

ontimized dimensions from the pas-dynamic aspect. This fact indicates

that, in the area of maximal pressure in combustion chamber,

rares are decomressed in the resonance cavity to the value of

rressure in the vacujm tank, and there is no turbulant flow in

the nozzle.

After reachinp P/P.<JIP.., the optimal conditions

of the flow of gas stream do not fall at Pa.. 1, but at a lower

nressure. Lower parameters of inhibition do not ensure a sufficiently

large inversion of the population of CO2 levels, although there are

'"""" " " ' ...... ... ... ....... ... ... ..." .... .. .' "- .... ... ...IJ " I .... ... ... I" ........... .... ......... rlr lll " .. ...... ..... .. ... ... .. .. ......... ..I
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the o-timal pas-dynamic conditions of flow. Therefore, after lowering

the ratio of pressures P/P... below 10-3 we do not observe any

fPrther increase of the energy of radiation impulse of the laser

(point 2 in Figure 1). When the ratio of pressures reaches the

value below 0.8 x 10- 3 , we observe a sudden drop of the impulse

enerry. As can be seen from oscillogram 1 (Figure 3), a characteristic

featre for this range of pressures is the interruption of generation

at the beginninp of the duration of impulse.

In the first period of the decompression of gases,

at a pressure close to p,,.,, there is a higher pressure in the

resonance cavity than in the vacuum reservoir, and this pressure is

close to that which exists in experiments when ,

In this connection we should not expect a sudder change (disappearance)

of generation conditions because of too low a concentration of active

moleciiles in the resonance cavity. Because of insufficient decompression

this concentration is not zuch as governed by pressure in the vacuum

tank (about 666 N/m2 ) but corresponds more to pressure in vacuum

tank and in resonance cavity at (pfp,)., We should consider,

therefore, other reasons for decrease of the energy of radiation

imnulse of laser at low values of pressure in the vacuum chamber

and low values of the ratio of pressures. Below we are presenting

considerations on the tcnic of phenomena which could be responsible

for the deca, of reneration in the early period of the duration

of impulse.
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Considering at first the whole course of impulse, we have

to note that at a certain pressure P,<Pswx the nozzle works under

ontimal conditions, and at the end of impulse there is an excessive

decompression of gases. In this last period, similarly as in samples

and q during the whole impulse, there can occur separation of the

wall-adjacent layer of rases and the consequent appearance of standing

waves of the Dressure drop inside the nozzle.

The fact that for p/p,..,<0,6.10- 3 the energy of radiation

imnilpe of laser decreases rapidly, and that this decrease falls

*in the area of Dressnres where Th undergoes a rapid change,

Fircerts that the reason for the drop in the impulse energy could be

a ohase transition in the products. It appears plausible that there is

A moment of the work of laser in which translational temperature

in the resonance cavity falls below the temperature of condensation

of water. Such a phase transition in the products of combustion

coIld oroduice the observed sharp chanres in the impulse energy.

Takirp into consideration the content of water in combustion

products as a sum of water formed in the reaction and of water

brought in with the suibstrates (substrates are not dried), we find

that its amount reaches about 5%. Under the consi.ered conr'itions,

the total pressuire in resonance cavity is about 6,65.102-7,998.102

N/m2 (5-6 mm Hg), hence the partial pressure of water vapor is about

54.66 N/m (0.26 mm Hg). Under such conditions the state of saturation

(berinning of condensation) will be reached at the temperature

of about 240 K. We shall consider below whether gases in resonance

-Ij
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cavity can reach such a state.

On the basis of recorded maximal pressure in combustion

chambercalculations were made for composition of the products of

com'ristion and for temperature of rases /4/. The equation for the

combustion reaction,, per one mole of acetylene, has the form:

CH, +3,25O,+04N2+9CO2i-4,851 C0 2 +i049CO+H20+14N 2 +0,7740 2

The numlber of moles of substrates V 21.15, the number of moles

of -rodicts I - 20.675, the combustion temperature T 2250 K.

Havinr these data, and utilizing the adiabatic equation (2),

we can calculate t he aoproximate temperature in the resonance

cavitlt. The reqiired value of adiabatic coefficient was determined

from the above riven composition of products for the temperature

277 K (ard not for 600 K ap at TA in Firure 2). n this case, the

valn of the coefficient is k 1.38. The translational temperature

in resonance cavity, calculated for this value, is r' 298 K.
In calculations we assumed the value P/P$ .0.65 x 10- 3, the value

at ,hich the impulse energy of laser is clearly lower than the

axi r l one. Taking into consideration that the flow of gases

+hrougb the nozzle begins before reaching the maximal pressure,

we ree that at the combustion reaction does not reach the

equilibrim state. Hence, at that momwent the temperature of the

nro(i'ctF of comb stion does not reach in practice the calculated

val'_e. The pressure ceases to rise not because of the completion
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of reaction but because of the counterbalancing of the rise of

nress lre arisinr from combustion and the fall of pressure arising

from 'he olitflow of pases through the nozzle. Rouph calculations

irdicate that temperature of the condensation of water is reached

vWen tle temneratire in combustion chamber is about 1800 K. Such

q temneratlre in combistion chamber is possible, at the start of the

ras flow (when the channel is opened) and at Inca

The discussed phenomena, i.e., a lowering of the transla-

tional temneratzre and non-optimal gas-dynamic conditions at

can jointly cause the complete decay of generation in the initial

neriod of the oltflow of gases at t$..(oscillogram 1 in Fipiire 3).

This decay of Peneration at the beginninp accounts for the rapid

decrease of the total impulse energy of laser at very low ratios P/s

(FiFg1re 1). The phenomena described above are very sensitive to

minimal chanpes of experimental conditions (sharp dependence

T/To--f(p/p1 )). hence in this range of the ratio of pressures

one observes larre variations of +he values of energy in consecutive

experiments.

It seems obvious that the obtained results are valid

with resoect to values of particuilar parameters for the given

pas-dynamic conditions and for the given shape of nozzle. At other

values of A,1IA , the ratio of pressures (pip)., will lie in

different range, ard E... will be found in different place,

at a different value of p/P.,
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General conclusions

The obtained results and their interpretation diverge

somewhat from the results of studies by other authors /2/. So far,

no optimal conditions of work for this type of lasers of periodic

action were sought because of the magnitude of the total impulse

enerry, which depends on the power and duration time of the gene-

ration. So far, no fact was considered that a laser of this type

works throuph the major part of the duration of impulse under

nonotimal Pas-dynamic conditions of flow. The ratio of pressures

chanpes durinr the impulse while the dimensions of nozzle remain

the same.

The premature decay of generation at excessively high

nress'lres in combustion chamber, observed in our case (Figure 3),

me' be caused by too high a temperature in the area of cavity and

b creation of the optical nonhomopeneity of gases because of the

formation of standing waves in the cavity region. The excessively

hicli temperature could arise, amon- others, from the fact that

-0- lbe time of reneration the gases are heated also by final stages

of comin7t Ion reaction, which were not yet completed befo-e the

oteninr of combustion chamber. If we assume that, because of these

residual reactions, the temperature of rases remains at the level

of calculated temperature, despite the drop of pressure, then the

temperature in resonance cavity at the end of impulse will be

about 600 K.
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It follows from the above that, in order to utilize better

the energy of combustion, the experiments should be carried out in

such a way that before the opening of the nozzle the reaction of

combustion reaches the state of chemical equilibrium. Also, the shape

of the nozzle should ensure the optimal conditions of flow at the

maximum Dressure in combustion chamber. Under such conditions, gases

qt the bepinninr of decompression will be heated to a sufficiently

high temperature Eo that after decompression the temperature will be

nowhere near the condensation temperature of water. On the other

hand, at the end of the process of decompression the temperature

in combustion chamber, because of the drop of pressure, will be lower

than the calculated one (Main reactions of combustion are completed).

Hence, even at a lower degree of decompression the temperature in

resonance cavity will not be too high. The value of the product t

( ' - lifetime of the 0001 state of CO2 molecule) will be suffi-

ciently high /3/ to ensure that, even at higher pressures in the

area of cavity, we still obtain the appropriate inversion of

ponulations of the working levels of CO2 molecule.

This approach to experimental studies, where the optimal

conditions of the work of laser were established not only as

a function of parameters in combustion chamber ( and ) but

as a function of the degree of decompression, mainly with a chanpe

of pressure at outlet from the nozzle, supplements the results

pblished so far /2/ to a substantial degree. Conclusions resulting
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from these st'udies can be sdapted to systems with other parameters

of the nozzle and resonator. One can utilize then the existing

theoretical work dealing with optimization of nozzles and

resonator //

Manuscript received in April 1976.
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Summary

The impulse power of a gas-dynamic laser, based on acelylene combustion reaion, was mea-

sured as a function of pressure p/p,,,,, where p is the presuure in the vacuum chamber and Pa.,,
the maximum pressure in the combustion chamber. The ratio p/p,., was varied maintly by changing
V inside the vacuum chamber. The dependence of the power impulse on pip,,.., was obtained in
the form of a curve, which is non-monotonic and has a maximum for a certain p.,.. value. A record

of the laser power as a function of the time was obtained at characteristic points of the curve.
Interpretation of the results obtained leads to practical conclusions as to the optimum conditions

for the operation of this type of laser.
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